We present a method to accurately measure the group birefringence variation with temperature in highbirefringence polarization-maintaining (PM) fibers using a distributed polarization analyzer. By analyzing polarization cross-talk peaks purposely induced at both ends of a PM fiber, the temperature coefficient of group birefringence can be accurately obtained. We confirm the theoretical prediction that the group birefringence of PANDA and TIGER PM fibers decrease linearly with temperature from −40°C to 80°C, and find that the temperature coefficients are −5:93 × 10 −7°C−1 and −5:29 × 10 −7°C−1 for two types of PANDA fibers, and −5:36 × 10 −7°C−1 for a TIGER fiber. © 2011 Optical Society of America OCIS codes: 060.2420, 260.1440, 260.2030, 060.2300.2370.
The stress-induced birefringence, such as that in PANDA and TIGER polarization-maintaining (PM) fibers, is expected to be temperature dependent because it is caused by anisotropic strain resulting from the differential thermal expansion of different regions in the fiber cladding, and to vary linearly with temperature in the vicinity of room temperature [1] . The thermal coefficient of the group birefringence is an important parameter for the application of PM fibers in different temperatures; however, few measurement results [1, 2] are found in literature. The only plausible data were published by Flavin et al. [2] , who measured the temperature dependence of the differential group delay of a PM fiber and obtained a linear temperature coefficient of −1:733 fs=°C · m (or −5:2 × 10 −7°C−1 ) from 625 to 1075 nm. The thermal coefficient of the group birefringence can be obtained by the accurate measurements of the group birefringence or beat length at different temperatures. Therefore, a good measurement setup must not only be able to measure the birefringence, but also allow the fiber under test to be placed in a temperature chamber without introducing significant measurement errors. The common methods for the beat length measurements of PM fibers include those of white-light spectral interferometry [1, 3] , wavelength scanning [4, 5] , and dispersive Fourier transform spectroscopy [2, 6] . However, experimental setups for these methods are complicated and it is difficult to put the fiber under test into a temperature chamber without introducing large errors.
In this Letter, we report a new method of measuring the temperature variation of group birefringence of PM fibers using a distributed polarization cross-talk analyzer (General Photonics PXA-1000) and present the measurement results of three different PM fibers from three different manufacturers (PANDA-I, PANDA-II, and a TIGER PM fiber). The equipment can measure PM fibers with lengths up to 1:3 km and therefore allows a spool of PM fiber under test to be placed inside a temperature chamber with negligible error introduced. By linearfitting data to the theoretical formula using the least squares method, we confirm that the group birefringence in PM fibers of stress-induced birefringence, such as PANDA and TIGER fibers, decreases linearly with temperature. We show analytically that the major measurement error is inversely proportional to the fiber length and the method has an accuracy of less than 1.5% when fiber length is longer than 40 m. We find with high confidence that the temperature coefficients of group birefringence are −5:93 × 10 −7°C−1 , −5:29 × 10 −7°C−1 , and −5:36 × 10 −7°C−1 for PANDA-I, PANDA-II, and the TIGER fiber, respectively.
PANDA and TIGER PM fibers belong to stress-induced birefringent fibers and their birefringence Δn b can be expressed by [1, 7] 
where T is the temperature of the fiber under test, T 0 is the softening temperature of the silica glass with dopants in the stress-inducing region of the cladding, and γ is the thermal coefficient of birefringence of the PM fiber, the parameter to be measured in this paper.
The basic construction of a distributed polarization cross-talk analyzer [8] is shown in Fig. 1 . A polarized super luminescent diode source (SLED in this Letter) with an extremely short coherence length (about 25 μm) is coupled into a PM fiber with its polarization aligned with the slow axis of the fiber. Assume at point B, a polarization cross talk is induced by an external disturbance and some light is coupled into the fast axis of the PM fiber, as shown in the insert of Fig. 1 . Because light polarized along the fast axis travels faster than that along the slow axis, at the output of the fiber, the faster component will be ahead of the slow component by
where Δn b is the group birefringence of the PM fiber and Z is the length between the point where the cross talk occurs (B) and the output end (point C). The polarization components in the slow and fast axes are brought to interfere in the Michelson interferometer after going through a polarizer oriented 45°from the slow axis to produce interference peaks as a function of the relative delay. The coherence length of the light source (∼25 μm with the SLED used) defines the spatial resolution of the polarization cross-talk measurement and is sufficiently high for the accurate measurement of cross talk locations.
Figure 2(a) shows typical polarization cross-talk curves of a PM fiber coil (PANDA-I) of 350:3 m at three different temperatures (40°C, 0°C, and −40°C), as a function of relative delay. Because the distance Z between the two connectors (fiber length) can be measured by a ruler or an optical time-domain reflectometer (OTDR) and the relative delay ΔZ between the two high cross-talk points caused by input and output connectors (2) . Clearly, the position of the peak corresponding to the output connector changes with temperature, as expected from Eq. (2). The fact that ΔZ decreases as the temperature increases indicates that Δn b has a negative thermal coefficient. As mentioned previously, the thermal coefficient of the group birefringence γ can be obtained by linear-fitting Δn b to Eq. (1) using the least squares method at different temperatures.
We measure Δn b of the PANDA-I coil at seven different temperature points (−40°C, −20°C, 0°C, 20°C, 40°C, 60°C, and 80°C) using the polarization cross talk analysis method and the results are plotted in Fig. 2(b) . As will be discussed later, we chose such a long fiber length (350:3 m) to minimize multiple measurement errors. Linearfitting Δn b to Eq. (1) obtains a thermal coefficient γ of −5:86 × 10 −7°C−1 . To obtain the repeatability of the measurement, we take three different measurements and the results are shown in Table 1 .
To further verify the feasibility of this method, we measure Δn b of other two PM fiber coils of the same length at the seven temperature points. One of them is also a PANDA PM fiber (PANDA-II), but is from a different manufacturer than PANDA-I. The other is a TIGER fiber. The measurement results are summarized in Table 1 
(TIGER).
Several error sources may contribute to the final measurement error of Δn b , including the measurement errors δ z of fiber length Z and δ Δz of relative delay ΔZ in Eq. (2) . Consequently, the total relative error δ Δz =Δn b can be obtained by the error transfer formula
It is important to notice that the relative error is largely inversely proportional to the total fiber length under test. In order to reduce the measurement error, the fiber length inside the temperature chamber should be sufficiently long. Table 2 lists all potential measurement errors contributing to the overall measurement accuracy. It is interesting to notice that the dominant error sources are the fiber pigtail length outside of the temperature chamber and the fiber length measurement tolerance. In general, if a fiber length can be accurately measured, a total fiber length larger than 40 m should be sufficient for accurate thermal coefficient γ measurement with an accuracy of less than 1.5%, assuming total fiber pigtail length outside the temperature chamber is less than 4 m. In the measurements of Table 1 , we choose a fiber length of 350 m to ensure measurement accuracy. Since there is no "golden standard" fiber available with an accurately known thermal coefficient of birefringence, the relative error's inverse proportionality to the fiber length is difficult to be verified experimentally. Nevertheless, the analytical results in Table 2 serve as a good guidance to performing the actual measurements. In summary, we propose and demonstrate a novel method of using a distributed polarization cross-talk analyzer to measure the thermal coefficient of the group birefringence in high-birefringence polarizationmaintaining fibers. The method is nondestructive, easy to implement, highly sensitive, and highly accurate. Finally, we quantitatively analyze potential error sources of the measurement method and find that the measurement error decreases linearly with the fiber length. The method has an overall accuracy of less than 1.5%.
